A rich variety of inorganic-organic hybrid thioantimonates and thiostannates were prepared during the last few years under solvothermal conditions applying organic amine molecules or transition metal complexes as structure directors. In this review synthetic approaches to and structural features of these thiometallates are discussed. For thioantimonates(III) the structures range from well isolated thioanions to three-dimensional networks, whereas the structural chemistry of thiostannates (IV) (III) to enhance the coordination geometry via so-called secondary bonds. In most cases the environment of Sb(III) is better described as a 3 + n polyhedron with n = 1 -3. The thioantimonate(V) structural chemistry is less rich than that of thioantimonates(III), and the [SbS 4 ] 3− anion shows no tendency for further condensation. By applying suitable multidentate amine molecules, transition metal cations which normally prefer bonding to the N atoms of the amines can be incorporated into the thiometallate frameworks.
Introduction
In the last few years several reviews appeared summarizing structural and synthetic work of thiometallate compounds prepared under solvothermal conditions [1 -8] . Solvothermal or hydrothermal reactions are performed in closed reaction vessels applying polar solvents which are heated above their boiling points, i. e. temperatures in the range between 100 and about 250 • C. Under these conditions an autogeneous pressure is developed, and the properties of the solvents are drastically changed [9] . Typical solvents used are water, amines or alcohols, or mixtures of solvents. The advantages of the solvothermal approach are the dissolution of normally nearly insoluble starting materials like metals, chalcogens and metal chalcogenides in the strongly polar and polarizing solvents under conditions which are mild enough so that com-0932-0776 / 10 / 0800-0937 $ 06.00 c 2010 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com plex molecules like chains or rings can participate in the formation of the crystalline solids.
One should keep in mind that solvothermal reactions are heterogeneous reactions with complex equilibria of dissolved species, and small changes of synthesis parameters like temperature, pressure, solvent, viscosity, concentration and nature of the starting material, pH value, redox potential, reaction time, solubility of the reaction product, availability of protons, shape, size and charge of the charge compensating cations etc. can modify these equilibria. Several of these synthesis parameters influence each other in a not well understood way. Therefore, the successful preparation of a new compound under solvothermal conditions is mainly the result of a systematic variation of the parameters, and only few rules of thumb are at hand for planning the syntheses in a more directed way. Unfortunately, no systematic studies were performed re-garding speciation of S species under strongly alkaline reaction conditions especially with respect to the role of the amines displaying different charges, sizes and shapes. (For an S speciation in alkaline media see references [10, 11] ). A few years ago we were able to isolate several compounds containing S 5 2− , S 6 2− and S 7 2− species [12 -15] . Similarly, polysulfide species with compositions [Sn(S 4 ) 3 ] 2− and [Sn(S 6 )(S 4 ) 2 ] 2− were isolated at relatively low temperatures during the synthesis of thiostannates [11] . These observations are clear hints for the coexistence of the polysulfide anions, and the successful isolation of such prototypes may encourage researchers to systematically study the S speciation in strongly alkaline medium by varying the reaction conditions.
The aim of the present contribution is not to recall the findings presented in the reviews mentioned above, but to focus on inorganic-organic hybrid thioantimonates(III) and thiostannates(IV). We use the term inorganic-organic hybrids for those thioantimonates and thiostannates containing either pure organic cations as structure director and charge compensating molecules, or transition metal complexes (TML x ) n+ (L is an amine ligand) acting in the same manner. There are also examples where both types of cationic species are present. For the (TML x ) n+ -containing group of compounds one may distinguish between those where the transition metal cation is an integral part of the thiometallate network, and the group of compounds where cations and anionic networks are isolated from each other. After some general considerations concerning the thioantimonate and thiostannate chemistry we review synthetic and structural features of the two groups of compounds. As mentioned above only little is known about the formation mechanisms of thiometallates under solvothermal conditions. Several in situ X-ray scattering experiments were performed during the last years shedding light onto the crystallization processes occurring under real solvothermal conditions. The main results of these studies are reviewed below.
General Structural Features of Thioantimonates(III), Thiostannates(IV) and Thiostannates(II)
The thioantimonate(III) chemistry is very different from that of all other thiometallates due to the lone electron pair (LEP) of Sb(III) which often exhibits a pronounced stereo-activity [16, 17] . Therefore, Sb(III) shows very flexible coordination patterns with coordination numbers between 3 and 6, variable bond lengths and relatively flexible S-Sb-S angles. The most common primary building unit is the trigonal pyramidal [SbS 3 ] 3− anion with three Sb-S bonds scattering in length in a narrow range between 2.3 and 2.5Å. In many structures the coordination number around Sb(III) is enhanced to 4 yielding a [SbS 4 ] moiety. Since the formal charge of the central Sb atom in this unit is still +III, the Sb-S bond lengths are enlarged, and typical patterns are two short/two long Sb-S bonds which are around 2.45Å for the shorter and between about 2.6 and ≈ 2.8Å for the longer bonds, i. e., compared to the [SbS 3 ] group in the [SbS 4 ] unit all Sb-S bonds are longer. The long Sb-S bonds are always in trans position giving rise to S-Sb-S angles between 170 and 180 • . In very rare cases [SbS 5 ] is found as a primary building unit, and for this moiety the bond length pattern is unusual because there is only one Sb-S bond below 2.5Å, two are between 2.6 and 2.7Å, and another two range from ≈ 2. A special feature of most thioantimonate(III) compounds is the occurrence of long Sb-S separations with distances up to about 3.6Å (see discussion below). Hence, the coordination geometry of the Sb(III) atoms is often expanded, and in several structures distorted [SbS 6 ] octahedra may be identified considering the S atoms at longer distances.
Hydrogen bonding interactions are very important despite the weakness of S··· H bonds. Often the ammonium group points towards the inorganic network in a way enabling optimal interactions. Therefore it can be assumed that the organic cations exert a structuredirecting effect.
The structural chemistry of thiostannates is less rich than that of the thioantimonates, and the most common polyhedra for Sn(IV) are [SnS 4 ] tetrahedra and [SnS 5 ] trigonal bi-pyramids. These primary units often condense forming [Sn 2 S 6 ] 4− bi-tetrahedra and/or [Sn 3 S 4 ] semi-cubes (Fig. 1) . unit is an indication for Sn 2+ . The existence of Sn in a pyramidal environment of S atoms is quite rare, with examples including the well-known Ottemannite Sn(SnS 3 ) [19] , but also (Me 4 N)(tb 3 )Sn [20] , (AsPh 4 )(Ph 3 S 3 )Sn [21] and (PPh 4 )(Ph 3 S 3 )Sn [22] (for abbrevations see Table 1 ). In some cases Sn(II) also occurs in an octahedral environment as e. g. in SnCl 2 (SC(NH 2 ) 2 ) [23] , Sn(S 2 CN(C 2 H 5 ) 2 ) 2 [24] and (Et 4 N) 4 Sn 2 (WS 4 ) 4 [25] .
In contrast to Sb(III), neither for Sn(II) nor for Sn(IV) the tendency to form weak so-called secondary bonds is observed making a decision about the structural dimensionality of the inorganic network much easier. In the oxidation state +II there is also a LEP at the tin atom but it seems that it is less active than the LEP of Sb(III). Under the basic conditions of the solvothermal syntheses it can be assumed that the Sn(IV)S x species in solution like [SnS 4 ] 4− carry a larger negative charge than the dissolved Sb(III)S x units. The larger negative charge must be compensated by appropriate positively charged cations. Maybe this is the reason why thiostannates(IV) with protonated mono-or diamines are rare. In addition there is a large tendency of the tetrahedral [SnS 4 ] 4− anion to condensate forming the [Sn 2 S 6 ] 4− building unit. As a consequence this is the most common thiostannate(IV) anion.
Approaches to a Structural Classification for Thioantimonates(III)
Only very few hybrid thioantimonates(III) contain well isolated small thioantimonate(III) anions and charge-compensating protonated amine molecules or transition metal cations. Examples are the cis-[Sb 2 S 4 ] 2− unit in (maH) 2 Sb 2 S 4 [26] where the anion is composed of two edge-sharing [SbS 3 ] pyramids, and [28] . Table 1 gives an overview of the abbreviations of the organic compounds used in this review. It appeares that under basic conditions small thioantimonate(III) anions have a pronounced tendency to condensate forming larger structural aggregates like chains, layers or three-dimensional networks, and that the isolation of few small anions may be viewed as a "snapshot" of the condensation reactions occurring during reaction progress. It is notable that (maH) 2 Sb 2 S 4 could only be obtained as a minority phase (5 % yield) using a mixture of Mn, Sb, S in methylamine solution heated at 145 3 ]Sb 2 S 5 was reported as a phase-pure material, but we note that the synthesis was performed in pure en solution at the relatively high temperature of 180 • C which may provide suitable conditions for the isolation of small thioantimonate(III) anions. For these three compounds the structural classification is unambiguous, i. e., they contain discrete thioantimonate(III) anions.
The classification of thioantimonates(III) with extended structures can be achieved applying different approaches based on structural dimensionality of the anion, on the Sb : S ratio, or on the organic or complex cation present. The first approach based on the dimensionality is not straightforward because Sb-S distances scatter over a wide range from 2.3 to about 3.6Å which is the sum of the van der Waals radii [29] . Because an interatomic distance alone is not a good criterion to decide whether there is a bond or not, one can either try to extract the valence of a Sb-S bond applying the bond valence method [16, 17] or using theoretical calculations on a higher level. For the first approach Liebau and coworkers showed that bond valences of about 0.1 were obtained for Sb-S distances as long as 3.5Å. But considering other parameters like the S-Sb-S bonding angles this is not generally applicable to other Sb-S separations as mentioned in [16, 17] . Theoretical calculations based for instance on DFT have not been performed due to the low structural symmetry and very large number of atoms in the unit cell together with pronounced hydrogen bonding interactions making such calculations very challenging. Nevertheless, to be consistent in the determination of the dimensionality of an anionic network we use a cut-off of about 3Å for significant Sb-S bonding interactions.
A possible approach for the classification of thioantimonates(III) is the usage of the Sb : S ratio in the inorganic network. Thus all thioantimonates(III) can be sorted e. g. according to the increase in S content, but there are several examples of compounds with an identical Sb : S ratio but a different chemical formula and different structural dimensionality. On the other hand, for one and the same Sb : S ratio and an identical chemical formula different structural dimensionalities of the anionic networks have been observed. Some examples are given to shortly highlight the problem. 4 ] units are joined forming one-dimensional chains or two-dimensional sheets whereas the latter two anions may occur as isolated ring anions [34 -36] or as short chains [27] . Once the structure of these species is known some conclusions can be drawn if only Sb-S-Sb connectivity and no bonding interactions to TM n+ and/or no S-S bridges are present. An isolated ring with composition [Sb 2 S 4 ] 2− should be not very stable due to the unfavorable strain of bonds, and the occurrence of larger rings like a [Sb 5 S 10 ] 5− anion is also not very likely due to the conformational flexibility and the relatively large negative charge located on the ring. However, one cannot exclude that such new thioantimonate(III) motifs are stabilized under more stringent conditions. We note that the structural diversity of [Sb 4 S 8 ] 4− is enhanced if bonding interactions between the thioantimonate anion and TM n+ centers occurs [37] . Further details concerning these results will be discussed below.
The anion with composition [Sb 4 S 7 ] 2− (Sb : S ratio = 1 : 1.75) is the most common one among all thioantimonate(III) anions, and until now about 40 different compounds containing this anion have been reported (see Table 2 ). In our opinion it is the most appropriate example to demonstrate the structural diversity of thioantimonate anions with a given Sb : S ratio concerning the connection of [SbS x ] units and the network dimensionality [38, 39, 42, 44, 48, 50 -53, 56 -61] . In a recently published paper we have already summarized the thioantimonates(III) with the [Sb 4 S 7 ] 2− anion [45] , and therefore only some selected aspects are discussed in the present review. Considering solely inorganic-organic hybrids, very few Table 2 . Selected structural parameters in thioantimonates containing [Sb 4 S 7 ] 2− anions (Dim. = dimensionality). [39, 40] , (1,6-dahH 2 )Sb 4 S 7 [44] , (eaH) 2 Sb 4 S 7 [38] , and (1a-2pH) 2 Sb 4 S 7 [42] (see also (Fig. 2, right) .
[SbS 3 ] pyramids and [SbS 4 ] moieties are also the primary building units in the structure of (trenH 2 )Sb 4 S 7 , but these units are connected in a way that Sb 2 S 2 , Sb 3 S 3 and large 16-membered Sb 8 S 8 rings are generated (Fig. 3, left) . Finally, the anion in (pipH 2 [63] . The influence of the structure-directing cations on the network topology is small despite the very different arrangements of the protonated amine molecules in the two compounds shown in Figs. 4 and 5. [72] . The thioantimonate(III) (aepH 2 )Sb 10 S 16 was synthesized from a mixture of Sb, FeCl 3 and S (mmolar ratio = 1 : 1 : 3) heated in 4 mL of 50 % aqueous tren at 200 • C for 7 d. All attempts to prepare the compound without FeCl 3 were not successful. In addition, the tren molecule is transformed under the reaction conditions producing the 2-piperazine-Nethylamine cation. The crystal structure (Fig. 7) 4 ] units. The two ellipsoidal parts of the ring are separated by a 'bottleneck'. The dimensions of the pores measure about 8.9 × 9.3Å. The structuredirecting cation is located above/below the ellipsoidal pores.
The layers are two atoms thick and exhibit a wavelike fashion with the cations located at the inflection points of the layers (Fig. 8) . A different network topology is observed in (deenH 2 )Sb 10 S 16 · H 2 O with a large 60-membered Sb 30 S 30 ring. The compound was synthesized using Zn (1.1 mmol), Sb (1 mmol) and S (2.2 mmol) in 5 mL of a 50 % aqueous solution of N,N-diethylethylenediamine heated at 140 • C for 6 d. The authors have mentioned that the yield decreased significantly when no Zn was added to the educt mixture. Table 3 . Selected structural data of compounds with the [Sb 8 S 13 ] 2− anion (SG = space group), Dim. = dimensionality). [79] (see Table 3 ). The structures of thioantimonates(III) with the [Sb 8 S 13 ] 2− anion range from a three-dimensional network [74] (Fig. 9 ) to a one-dimensional chain observed for (enH 2 )Sb 8 S 13 [76] . [74] . [69] , whereas a more round-shaped Sb 18 S 18 pore with diameter 11.9 × 11.2Å occurs in (pyrH) 2 Sb 8 S 13 [75] (see Fig. 10 ). More ellipsoidal 24-membered Sb 12 S 12 rings (dimensions: 8.7 × 14.6Å) are the main structural motif in the two compounds (ampH 2 )Sb 8 S 13 and (dienH 2 )Sb 8 S 13 [73] (see Fig. 11 ). The number of atoms contained in the heterocycles is not directly related to the dimensions of the pore sizes as is evidenced by the Sb 19 S 19 ring in (1,3-dapH 2 )Sb 8 S 13 [73] shown in Fig. 12 . The central 38-membered ring measures only 9.9 × 7.8Å which is caused by the special arrangement of the primary and secondary building units forming a type of pockets at the periphery of the ring.
In all compounds containing [Sb 8 S 13 ] 2− anions the structure-directing protonated amine molecules are located above resp. below the heterocycles with the largest dimensions. Therefore, these compounds are examples demonstrating the influence on network topology and connectivity of the primary as well as secondary building units.
There are also some thioantimonate(III) compounds which do not fit in any of the groups presented above. One of these compounds is an oxo-thioantimonate with composition (trenH 3 
Structural Classification Approaches for Thiostannates
There are at least three different possibilities of charge compensation of anionic thiostannate networks. The simplest way is represented by metal cations surrounding the network leading to purely inorganic compounds which are not considered in the present review. The second possibility is charge compensation by organic molecules, protonated amine molecules or even transition metal complexes. The third option is represented by the integration of cationic transition metal complexes into the thiostannate network, an approach which is still less explored.
Thiostannates with organic molecules or protonated amine molecules acting as charge-compensating cations
The first layered thiostannates synthesized under solvothermal conditions applying alkylammonium cations were reported in 1989 [82 -84] . The authors used the notation "R-M MS-n" for the new thiometallates where the organic molecule R is acting as structure director and charge-compensating cation. M represents a 3d or 4d metal cation and M = Ge, Sn, Sb and In are the network atoms. The different structure types are distinguished by the notation "n". The syntheses of the thiostannates are carried out under solvothermal conditions using metal sulfides or metals and sulfur and the corresponding amine solutions or alkylammonium salts. In most cases lamellar structures are formed, while three-dimensional framework structures are quite rare, and some of the products are the purely inorganic thiostannates K 2 Sn 2 S 5 [85] and Na 4 Sn 3 S 8 [86] . To the best of our knowledge a threedimensional hybrid thiostannate network was never observed.
The two well-known structure types R-SnS-1 and R-SnS-3 consist of two-dimensional [Sn 3 S 7 ] 2− resp. [Sn 4 S 9 ] 2− layers with [Sn 3 S 4 ] semi-cubes as the main structural motif (see Fig. 13 ) which are connected via Sn-µ-S-Sn bonds to form the layers. The chargecompensating cations are located between the layers below/above the pores. Typical values for the interlayer distances range from 8 to 9Å for R-SnS-1 and up to 14Å for R-SnS-3 [87] .
The members of this thiostannate family have been well characterized, and many interesting experiments were conducted yielding promising results. The readers of the present article should consult some preceding articles for further information [2, 10, 87, 88] , as the main interest of the present review article is focussed on other thiostannate compounds. Table 4 gives an overview of thiostannates with organic molecules as charge-compensating cations.
Thiostannates with transition metal complexes acting as charge-compensating cations
The integration of transition metal (TM) cations into the thiostannate network should lead to significant alterations of the physico-chemical properties and enhance the structural diversity and variety. Unfortunately, solvothermal syntheses applying transition metals and structure-directing amines very often yield separated T M n+ complexes without any bonding to the anionic network, and discrete thiostannate anions. We note that thiostannate chemistry was extended very recently by the application of lanthanoid complexes Ln 3+ as charge-compensating cations [103, 104] . In these compounds the Ln 3+ -centered complexes have no bonds to the thiostannate anions like in many T M n+ containing compounds. In Table 5 thiostannates with transition metal complexes are compiled with some selected structural details and synthesis conditions.
Integration of transition metal complex cations into thiostannate networks
A few years ago we published the thiostannate compounds [Ni(en) 3 [108] in which Co 2+ has bonds to the N atoms of the amine and to the thiostannate anion (see Fig. 14) .
The latter compound was prepared according to the idea presented below. During the last years several other compounds were synthesized applying multidentate amines like e. g. tren, trien or tepa leading to similar structural motifs (see Table 6 ). As discussed above such multidentate amines leave one or two binding positions of the T M n+ cations free for bonding to S atoms of the thiostannate anion. An interesting observation made also in the field of Table 4 . Overview of inorganic hybrid thiostannates with some experimental details, selected structure information and special remarks concerning possible applications and structural details (SG = space group). [114] were the first examples confirming the chalcophilic character of the two elements. In (DBUH)CuSnS 3 one-dimensional (Fig. 15) .
The structure of (DBNH) 2 Cu 6 Sn 2 S 8 exhibits undulated anionic layers separated by protonated amine molecules. The layers may be described as distorted graphene 6 3 layers, and such a structural motif was never found in thiostannates before (Fig. 16) .
The integration of Cu + into the networks or layers yields new materials with interesting properties, one promising example being (dienH 2 2− zigzag chains, and the resulting 1D channels are filled with NH 4 + cations (Fig. 18) .
A chiral two-dimensional structure was observed for (enH 2 [118] . An overview of thiostannates with transition metal cations bound to thiostannate anions and thiostannates with integrated transition metals is given in Table 6 .
Synthetic Aspects of Thioantimonate(III) Chemistry
For the synthesis of thioantimonates the main Sb sources are elemental Sb or Sb 2 S 3 , but there are also some examples where other starting materials like SbCl 3 were used. Under basic conditions a ringopening nucleophilic attack by the base may produce in the first step reactive S species according to the equation S 8 + R-NH 2 → − S-S 6 -S-+ NH 2 -R [11] . It can be assumed that cleavage of S-S bonds occurs through electron transfer from metal to S atoms thus producing several further intermediate species like S 6 2− , S 4 2− , S 2 2− , etc. The different S species then solubilize the Table 7 . Synthesis conditions of the Ni-Sb-S-dien system. 
According to our experiences one can roughly distinguish between syntheses where small changes of the reaction conditions lead to crystallization of different compounds even if most other reaction parameters and the amine supplied are held constant, and those leading to more robust products, where even different amines or applying relatively large temperature ranges lead to very similar results. Some examples can serve to highlight these differences. In the system Ni-Sb-S-dien six compounds could be crystallized and characterized by slightly varying the synthesis conditions (Table 7) .
In 2 ] 2+ complexes adopting the u-fac-and s-facconfiguration are located above/below the large rings and also in the plane of these rings. Taking into account the longer Sb-S distances the connectvity scheme becomes more complex due to the higher coordination numbers of some Sb centers.
In the study of the latter two compounds we investigated whether the redox reaction Ni → Ni 2+ plays an important role for product formation. Therefore, the syntheses were performed with mer-[Ni(dien) 2 ]Cl 2 ·H 2 O as Ni source instead of elemental Ni keeping the Ni : Sb : S ratio, the reaction time and the temperature constant and varying the amine con- Whereas the first example highlights that small variations of the synthesis conditions lead to the crystallization of thioantimonate(III) structures with different composition, distinct interconnection of the primary and secondary building units and different structural dimensionality, the second example shows that an identical network topology can be obtained with very different amines, differing educt ratios, reaction temperatures, and reaction times. The syntheses were performed applying the elements Mn, Sb und S with methylamine, ethylamine, 1,3-diaminopropane, diethylenetriamine, N-methyl-1,3-diaminopropane, or 1,3-diaminopentane solutions. The synthesis conditions together with some further details are illustrated in Table 8 (Fig. 20) . One edge of the cube is a relatively long Sb-S bond and another one a long Mn-S bond. The interconnection of the cubanes generates a second heterocubane unit denoted as 2 in Fig. 20 . The final layered structure is achieved by condensation of the two different types of cubanes via common corners, edges and faces. Within the layer ellipsoidal holes with different diameters are observed ( Table 9 ). The layers are stacked onto each other generating channels running along one of the crystallographic directions. One N atom of the ligands points into the hole, the remaining part of the ligands being oriented perpendicular to the layers separating the sheets from each other.
A special feature of successive layers is the "key into lock" stacking with the hydrophobic part of ligands filling the space between the layers (see Fig. 21 as an example).
The interlayer interactions are of van der Waals type but weak hydrogen bonding interactions may also stabilize the framework. Analyzing the geometric parameters of the different members of the [Mn(L)MnSb 2 S 5 ] structure family several conclusions can be drawn. First, the short Sb-S bonds, the average Mn(1)-N and the average Mn(2)-S bonds show no systematic alterations within the series (see Table 9 ). Secondly, significant differences can be identified for the long Mn • for L = ma and ea (Table 9) , near 90 • for L = 1,3-dap, mdap and dape where sixmembered MnN 2 C 3 rings are present, and deviates strongly for L = dien where a five-membered MnN 2 C 2 ring occurs (Table 9 ). It is still not clear why one of the Mn-S bonds exhibits such a significant lengthening. One may speculate that the S atom involved in this bond has bonding interactions to three Mn and two Sb cations, whereas the other unique S atoms are only involved in bonding to two Mn and one Sb or to two Mn and two Sb cations. Different sterical, spatial and electronic requirements of the ligands may also play a role for the weakening of one Mn-S bond. A more detailed analysis of all Mn-S and Mn-N bond lengths and the corresponding angles suggests that the long Mn-S bond may be viewed as the weakest link in the network allowing the crystal structure to relax and to reduce an internal "strain" exerted by the amine ligands. The two diameters D1 and D2 of the ellipsoidal holes in the layers give an impression of the shapes caused by the different amines. The ratio D1/D2 reveals that for all bidentate ligands the shape of the hole deviates more strongly from an ideal round pore (Table 9).
From a synthetic point of view the occurrence of two different [MnL 6 ] (L = ligand) octahedra is surprising. The amine concentration is very large compared to the S concentration, and one would assume that the formation of [MnN 6 ] octahedra is preferred. In contrast to this assumption, Mn 2+ has a pronounced tendency to form bonds to S atoms.
Recently, the rigid ligand phen could be integrated into the Mn 2 Sb 2 S 5 network yielding [Mn(phen)-MnSb 2 S 5 ] [129] . The synthesis was performed with Mn : Sb : S = 1 : 1 : 3 mmol heated in a mixture of phen/en in water for 5 d at 150 • C. The role of en was not discussed by the authors but one can assume that it supplies the high pH value necessary for the formation of the reactive S species in solution. In the structure the Mn(1)-S bond lengths scatter in the much more narrow range 2.551 to 2.624Å than for the other compounds presented above.
The (Fig. 22) .
We note that the changes of the bonding interactions in the [Mn(L)MnSb 2 S 5 ] compounds are significantly reflected in the magnetic properties of the different compounds as discussed in [130] .
Synthetic Aspects of Thiostannate Chemistry
Thiostannates are synthesized from different Sn sources as starting materials. In most cases elemental Sn is used, but also SnCl 4 [99] were applied.
The variety of different tin sources in diverse oxidation states indicates the complexity of the reactions occurring in the slurries under solvothermal conditions. The influence of the starting material onto product formation is still not well understood, and no systematic investigations have been performed to gain more information about the relation of the Sn source and the crystallized material. During the optimization of the synthesis of some thiostannates we applied different reactants as e. g. Sn(Ph) 4 for the preparation of (1,4-dabH 2 )Cu 2 SnS 4 [113] or SnS 2 for the synthesis of (dienH 2 )Cu 2 Sn 2 S 6 [115] . In both cases the desired compounds were formed, but applying Sn(Ph) 4 resp. SnS 2 gave materials with poor crystallinity, and the best results were obtained applying elemental Sn.
The formation of thiostannates under hydrothermal conditions was investigated with energy-dispersive X-ray diffraction [131] . The authors proposed that after dissolution of the solid reactants the thiostannate anions are formed, and elemental Sn is oxidized to Sn(IV), followed by the condensation of the anions and the formation of the anionic layers which are at the early stages disordered. Characterizing the species in solution by means of 119 Sn NMR and UV/Vis spectroscopy led to the identification of several species [11] Based on the results obtained with the X-ray scattering experiments and those obtained by analyzing the solutions a reaction mechanism was proposed as depicted in Fig. 23 .
According to the proposed scheme the amine reacts with sulfur forming polysulfide species attached to elemental Sn. Several intermediates are then formed, and the alkylammonium ions act as structure-directing molecules leading to the nucleation and finally to crystal growth.
The reaction mechanism just presented is applicable to using sulfur as starting material, but as shown in Ta [95] ) were used as sources. Hence it is not sure whether all these reactions include all the different steps schematically shown in Fig. 23 , and more investigations are needed for a better understanding of the formation of thiostannate compounds.
The amine molecule acts as solvent, structuredirecting medium, and charge-compensating cation, and is responsible for the formation of the reactive polysulfides. The amines are applied in different concentrations mainly diluted with water, and only few examples were reported for using mixtures of amines with other solvents like methanol ((enH 2 )(enH) 2 [117] ). Therefore, the thiostannate chemistry using defined mixtures of different solvents is not well explored, and one can assume that a systematic variation of this reaction parameter should lead to the formation of new compounds.
According to the synthetic conditions compiled in Tables 4 and 5 , the transition metals are supplied as elements or as chlorides (see Tables 5 and 6 ), and only a few experiments were carried out with other starting materials, e. g. AgNO 3 for the preparation of (enH 2 )Ag 2 SnS 4 [117] or HgI 2 for the synthesis of (enH 2 )HgSnS 4 [118] . No further details were reported concerning the choice of the educts, and therefore one can only speculate why these starting materials were selected, and/or that the thiostannates were obtained with these materials after some explorative experiments.
Integration of Transition Metal Cations into Thioantimonate(III) Networks
Whereas for the incorporation of Mn 2+ into the inorganic thioantimonate(III) frameworks no special synthetic efforts are needed, the integration of T M n+ like Fe, Co, Ni, or Zn requires synthetic "tricks". Normally, cations like Fe 2+ , Co 2+ , Ni 2+ or Zn 2+ form stable complexes when mono-, bi-, or tridentate amines are used. In such cases the T M n+ ions are coordinatively saturated, and no bond formation to the thioantimonate(III) network is observed. On the basis of structural considerations one must use a tetradentate ligand which cannot satisfy the coordination requirements of the complex cations which prefer octahedral or trigonal-bipyramidal environments. Hence at least one site is left free at the T M n+ for bonding to S atoms of the inorganic network. With this idea in mind we enforced the incorporation of transition metal cations into the inorganic networks using the tetradentate amine tren. The first examples were the layered compound [Co(tren)Sb 2 S 4 ] and the chain compound [Ni(tren)Sb 2 S 4 ] [132] . Both compounds were prepared using elemental Co resp. Ni, Sb, and S in the molar ratio 1 : 1 : 3 in 10 mL of a 50 % aqueous tren solution heated at 140 • . The different coordination behavior of Co 2+ and Ni 2+ can be rationalized on the basis of the electronic configuration of the two cations. For the Co 2+ cation with the d 7 configuration the energy difference between an octahedral and a trigonal-bipyramidal environment should be very small and the geometrical requirements of the tren ligand enforce the formation of the five-fold coordination. For Ni 2+ with the d 8 electronic configuration the octahedral surrounding is energetically favorable compared to the trigonal-bipyramidal environment.
In the meantime several other transition metalcontaining compounds were synthesized using this synthetic approach. (Fig. 25) . Longer Sb-S contacts connect the chains to form layers. Interest- 3 ] unit producing the anion layer. The anion contains several rings, namely Sb 2 S 2 , Sb 6 S 6 and Sb 10 S 10 (approximate diameters: 3.15 and 10Å). The layers are bridged by the [Fe(C 6 H 14 N 2 ) 2 ] 2+ cations with a remarkably long Fe-S bond of 2.770Å which may be caused by a pronounced Jahn-Teller distortion [135] . The connection mode generates large tunnels which are in part occupied by the ligand molecules. Neglecting the amine molecules, the potential solvent area amounts to 36.5 %. The presence of Fe 2+ in the highspin state was verified by Mössbauer spectroscopy.
Thioantimonate(III) Anions Acting as Ligands
Above we have noted that only few compounds with small thioantimonate(III) ions could be isolated and structurally characterized, which may be due to the pronounced tendency towards condensation of such small anions. In the presence of transition metal cations several complexes with thioantimonate(III) anions acting as ligands could be synthesized. These include [Cr(en) 2 complexes (M = Co, Zn) with its two terminal S atoms (Fig. 29, left) . The transition metal cations are fivefold coordinated by four N atoms and one S atom in a distorted trigonal-bipyramidal fashion. The Co compound was prepared using a mixture of (Fig. 30) Heating this compound in a tren solution at 140 • C the amine-richer sample crystallized after 12 d. From a synthetic point of view two results are remarkable. First, an amine-rich thioantimonate was decomposed by a thermal treatment in inert atmosphere yielding a new amine-poorer compound with a hitherto never observed heterometallic core. Second, the amine-richer starting material was obtained by treating the decomposition product in an amine solution. Changing the reaction conditions (Mn : Sb : S = 1 : 1 : 2.5 mmol) and using a more diluted tren solution ( (Fig. 32) .
Another unusual ligand was synthesized using the elements Co, Sb, and S (1 : 1 : 3 mmol ratio) heated in a mixture of 0.4 mL tren, 2.6 mL dien and Recently we started to explore the thioantimonate(III) chemistry of lanthanoide cations (Ln 3+ ). In contrast to transition metal cations, the Ln 3+ ions prefer larger coordination numbers between 7 and 10, and one can expect new structural motifs and dimensionalities of the thioantimonate networks containing Ln 3+ cations. The main disadvantage working with lanthanoides is their pronounced oxophilic character. Water must therefore be avoided in the solvothermal syntheses. The one-dimensional polymeric compound with composition [La(dien) 2 (µ 4 -Sb 2 S 5 )(µ 3 -SO 4 )] n was isolated heating La(OH) 3 , Sb, and S (0.5 : 1 : 3 mmol ratio) in 100 % dien (3 mL) for 7 to 10 d at 150 • C. The two independent La 3+ cations are nine-[LaN 6 OS 2 ] and ten-coordinated [LaN 6 O 2 S 2 ] and are joined by a µ 3 -bridging SO 4 2− anion and a µ 4 -acting [Sb 2 S 5 ] 4− anion (Fig. 34) .
The Effect of Reaction Time on the Product Formation of Thioantimonates(III)
The effect of the reaction time on the product formation was not systematically studied until now. Most thioantimonates(III) were synthesized with reaction times ranging between about 3 and 10 d. However, one can assume that the thioantimonates(III) formed under the specific solvothermal conditions may in many cases be only kinetically stable, and that compounds with more stable structures can be expected 
The Effect of Reaction Parameters on the Product Formation of Thiostannates
The effect of the reaction time on the product formation can be nicely demonstrated for the compound [{Ni(tepa)} 2 Sn 2 S 6 ] (form I) [120] . The thiostannate [143] .
The effect of the concentration of the amine on the product formation has also been demonstrated [109] . The thiostannates [{Mn(1,2-dach) 2 (Fig. 38) .
Compound I crystallizes from diluted aqueous solutions of 1,2-diaminocyclohexane, and compound II from solutions with high amine concentrations or even from the pure amine. The variation of reaction conditions like the concentration of the amine leads to the crystallization of new compounds demonstrating the great potential of the solvothermal method. But dilution experiments do not generally lead to the crystallization of new compounds, and often such experiments are just helpful to increase the yield of a desired thiometallate. New compounds can be prepared by changing this reaction parameter, as shown for the series of thioantimonates with [Ni(dien)] 2+ complexes [8, 35, 50, 121] . Solvothermal reactions are complex, and a simple explanation of the dilution effect cannot be given as yet. Indeed, a reduction of the amine concentration changes the pH value, but also several other parameters can be altered like the boiling point, redox potential, viscosity, supersaturation etc. Systematic experiments are required which may lead to the crystallization of new thiostannates, or generally to new thiometallates, by simply changing these reaction parameters.
Thioantimonates(III) Containing Polysulfide Fragments or Sb-Sb Bonds
It is somewhat surprising that only very few thioantimonate(III) compounds containing polysulfide fragments have been reported. As mentioned above, under basic conditions several polysulfide anions are formed which in principal can be integrated into thioantimonate networks. One can argue that the degradation of polysulfide anions is fast, and the reaction times are often long enough to leave only S 2− anions in the solution. There are few compounds with polysulfide anions larger than S 2 2− , namely (PPh 4 ) 3 Sb 3 S 25 (1), (PPh 4 ) 2 Sb 2 S 15 ·2(C 3 N 2 H 6 ) (2) and (PPh 4 ) 2 Sb 2 S 15 (3) [13, 14] . The first two compounds were synthesized with a large excess of S (Sb : S = 1 : 8.5 mmol) in the presence of tetraphenylphosphonium bromide for 7 to 9 d heated at 125
• C. For the synthesis of 1 a 2 M solution of ammonia was added, whereas for 2 a 10 % aqueous solution of 1-N-methylimidazole was used. Both compounds could only be isolated as mixtures with (PPh 4 ) 2 S 7 [144] . Compound 3 was obtained reacting SbCl 3 and S (1 : 9 mmol ratio) with Fig. 39 [147] .
Until now only one compound containing an Sb-Sb bond was synthesized under solvothermal conditions, namely (ap-en) 0.5 Sb 7 S 11 [148] . The sample was prepared applying a special procedure. Through the solution of the structure-directing amine N, N -bis(3-aminopropyl)ethylenediamine a stream of H 2 S gas was bubbled for 3 h prior to use. The amine was mixed with water (0.6 mL and 1.6 mL) and was added to Sb 2 S 3 yielding a mixture with a molar ratio (Fig. 41) .
Thiostannates Containing Polysulfide Fragments or Thio-oxoanions
The structural variety of the thiostannates is caused by the coordination diversity of Sn and S, the tendency of S to build rings and chains, and the possibility of Sn to exist in the oxidation states +II and +IV. [101] with Sn in trigonal-bipyramidal and octahedral environment (Fig. 42, top) and S x 2− (x = 4,5, 6, 9) in (Et 4 N) 3 (Sn(S 4 ) 2 ) 0.4 (Sn(S 4 ) 2 (S 6 )) 0.6 [149] and (PPh 4 ) 2 Sn(S 4 ) 3 [150] (Fig. 42, right) (Fig. 43 ).
Synthetic and Structural Chemistry of Thiometallates with the Coinage Metals Cu and Ag
In the previous section we discussed special synthetic strategies for the incorporation of transition metal cations into thioantimonate(III) networks. Applying the calcophilic cations Cu + and Ag + in the solvothermal syntheses such synthetic 'tricks' are not required. A series of Cu(I)-thioantimonates(III) with general formula (L)Cu 2 SbS 3 and L = trans-1,2-dach, dien, baep, en, 1,3-dap, and 1,4-dab [152, 153] (the en compound was also reported in ref. [154] 4 ] tetrahedron. A single layer is constructed by corner-sharing of these building units thus forming different types of heterocycles as shown in Fig. 44 . The final double-layer is formed by Cu-S bonds between two individual layers. (Fig. 47) . The rings are condensed yielding a 6 3 net which may be regarded as a puckered graphene layer. Again the structure-directing cations are sandwiched by the [Cu 3 Sb 2 S 5 ] − layers with the shortest layer separation at about 6.4Å. In all mentioned compounds relatively short Cu-Cu and in part Cu-Sb separations are observed which may indicate weak bonding interactions. Another Cu(I)-thioantimonate(III) with composition (pipH 2 ) 0.5 CuSb 6 S 10 could be prepared in the presence of triethylenetetramine applying a different synthesis strategy [155] . 0.9 mL of the amine was first treated with H 2 S gas for 90 min and then mixed with 1.6 mL of water, followed by Sb 2 S 3 and Cu 2 4 ] tetrahedra sharing a common edge (Fig. 48) . The structure-directing molecule was decomposed under the synthesis conditions, and piperazine was identified in the cations.
Another interesting synthetic approach was also recently published [156] . (Fig. 49) .
Similar honeycomb-like layers of fused 6-membered rings were observed for (enH) 2 Ag 5 -Sb 3 S 8 [157] and (trienH 2 )Ag 5 Sb 3 S 8 [159] . The main differences between the three compounds are found in the interatomic distances and in the arrangement of the protonated amine molecules residing in a sandwich-like fashion between the double-layers. (Fig. 50) .
A special feature of the structure is the rare binding mode of one S atom having bonds to four Ag atoms and one Sb atom.
Synthetic and Structural Aspects of Thioantimonates(V)
Compared to the large number of thioantimonates(III), related compounds containing Sb(V) are still rare as summarized in [3] .
In situ Energy Dispersive X-Ray Scattering (EDXRD) Experiments Performed During the Solvothermal Syntheses of Thioantimonates and Thiostannates
The results discussed in the previous sections clearly demonstrate that no general rules can be formulated allowing a rational synthesis of new thiometallates. The processes leading to the formation and crystallization of such materials under solvothermal conditions are very complex and poorly understood. The understanding of the mechanism of the formation of the products is essential for more rational syntheses. In principal two approaches can be envisaged to acquire a deeper knowledge of the processes occurring under solvothermal conditions. In the first approach ex situ experiments can be conducted where the reactions are quenched after distinct reaction times and the reaction products isolated and characterized. There are several disadvantages of such experiments: a large number of syntheses must be performed to explore one reaction at one distinct temperature which is time consuming and also costly; quenching experiments are dangerous because one cannot be sure that the reaction processes occurring at elevated temperatures are really frozen during the quenching procedure. In situ experiments are more suitable because crystallization processes and reaction kinetics can be studied without disturbing the reacting system. In several contributions it has been demonstrated that in situ EDXRD using synchrotron radiation is a powerful method [102, 131, 167 -178] . The in situ approach allows continuous monitoring of the syntheses, and much more data are obtained for one reaction in comparison to ex situ experiments. An important advantage of the in situ technique is the possibility of observing the formation of intermediate phases and their transformation into the final products. Using the high-energy and brilliant synchrotron radiation, EDXRD allows monitoring reactions at short time scales, and under special conditions X-ray powder patterns can be collected within a few seconds.
For such in situ EDXRD experiments of solvothermal syntheses special reaction cells are required which were developed in our laboratory a few years ago [171] . In the following some selected results of in situ EDXRD studies are discussed. It is beyond the scope of this review to present all details of the investigations, and the reader should consult the references for more information.
The results of the in situ EDXRD study of the crys- product reflections grow simultaneously, and the reaction is finished within several hours (Fig. 51) .
At lower temperatures two crystalline intermediates are detected (Fig. 52 ) of which the first one decays within a very short time. The intensities of the reflections of the second crystalline intermediate first grow and then start to decay as the product growth starts.
A detailed analysis of the extent of reaction α suggests that a small fraction of the intermediate is either dissolved or converted into an amorphous state, followed by fast crystallization of the product (Fig. 53) . [172] .)
The evaluation of the crystallization kinetics shows that similar mechanisms dominate at temperatures between 105 and 125 • C. A good agreement is obtained with a first-order reaction and/or phase boundarycontrolled mechanisms. At later stages of the reaction the mechanism seems to change, suggesting consecutive and/or parallel kinetics as the reaction proceeds. At 130 • C and α > 0.75 a three-dimensional diffusioncontrolled process dominates.
Very different behaviors were observed for L = mdap and dien. Performing the synthesis with mdap down to the lowest temperature no crystalline intermediates could be detected. The evaluation of the crystallization kinetics suggest that up to α = 0.8 the reaction is dominated by nucleation, and that a diffusion-controlled mechanism dominates at later stages.
In contrast, applying dien at least three crystalline phases occur (Fig. 54) before the product starts to grow.
The crystallization seems to be diffusion-controlled and faster than for the 1,3-dap and mdap compounds. Conversion experiments were performed heating the compounds with L = 1,3-dap or mdap in a dien solution. The in situ EDXRD patterns show a conversion to the dien product, and the analysis of the data revealed that the two educts are dissolved followed by crystallization of the dien-containing material. The activation energy for the crystallization of the mdap-containing sample was estimated to about 65(5) kJ/mol, and to 73(3) kJ/mol for L = dien. The results of these studies have demonstrated that even for compounds with very similar network topologies the crystallization mechanisms differ significantly.
In a further study we combined in situ EDXRD with in situ X-ray absorption fine structure spectroscopy (EXAFS). The formation of [Co(tren)Sb 2 S 4 ] (see above) was investigated at different reaction temperatures and using different Co sources. In most reactions all product reflections grow simultaneously suggesting that after in situ formation of the layered material these layers adopt the three-dimensional long- Fig. 56 . The evolution of the reflection intensities recorded at 120 • C demonstrating the different growth behavior compared to that displayed in Fig. 55 , see text. (Reprinted with permission from [173] .) range ordering within a very short time period (see Fig. 55 ). The analysis of the crystallization kinetics suggests a change of the crystallization mechanism as the reaction progresses. At the early stages of the reaction diffusion seems to play the most important role, whereas at later stages a more complex behavior is observed. At the end of the reaction a second Co-free phase is formed which coexists with [Co(tren)Sb 2 S 4 ]. The results of the studies suggest that the second phase is not formed by decomposition of [Co(tren)Sb 2 S 4 ] but rather due to the very low Co 2+ concentration in the solution.
In some reactions a very different behavior was observed. After the induction period first only one intense reflection could be detected and after a distinct time all other reflections of the product phase grew simultaneously (Fig. 56) .
This unusual behavior indicates that first layers are formed which show no three-dimensional long-range order, and at later stages this ordering occurs. The in situ EXAFS experiments performed at the Sb Kedge provided evidence that independent of the reaction time, the Sb : S ratio, and the amine applied only the two species [SbS 3 ] and [SbS 4 ] coexist in solution in an approximate 50 : 50 ratio. Furthermore, the changes in the spectra give clear hints that an amorphous phase is formed at intermediate stages.
The results of the experiments are schematically summarized in Fig. 57 . After dissolution of the starting materials the dissolved species condense forming layers which are directly organized in a three-dimensional long-range order (pathway 4 in Fig. 57 ) or which form Fig. 57 ) leading to the unusual growth behavior.
In several experiments a soluble Co salt was used as starting material. In all reactions only one reaction pathway could be observed, and in all powder patterns the reflections of the product started to grow simultaneously. We concluded from these experiments that elemental Co adhered at the surface of the magnetic stirrer stick, and dissolution of Co was somewhat arbitrary.
Solvothermal reactions are influenced by a large number of different parameters which are not well understood in detail. Several efforts were undertaken to improve the knowledge and to shed light on heterogeneous multicomponent reactions.
The layered compound (Me 4 N) 2 Sn 3 S 7 was investigated as case study, and the ion exchange capability with alkali and earth alkali metal cations [93] , the tuning of the optical band gap by partial substitution of S with Se [179] or the influence of microgravity onto the self-assembly of the layered structure [92] were studied.
However, all these investigations gave only details about the properties of a compound, and no conclusions could be drawn concerning the formation mechanisms and crystallization kinetics. Such information can only be acquired using in situ methods like in situ energy dispersive X-ray diffraction (in situ EDXRD) [131] . According to a first study using this technique the thiostannate anions produced by dissolving Sn and S in aqueous Me 4 NOH solution form anionic layers by condensation, and after some time the three-dimensional orientation of the layered anions is achieved (Fig. 58) . Fig. 58 . Scheme of the postulated mechanism of the formation of (Me 4 N) 2 Sn 3 S 7 : (1) solid reactants are dissolved and form thiostannate anions and methylammonium cations; (2) condensation and preorientation of the layers followed by three-dimensional ordering of the layers (3). (Reprinted with permission from [131] .)
As mentioned above we applied in situ EDXRD investigations very successfully for monitoring solvothermal syntheses of thiometallates and other compounds [102, 171 -173] . The great potential of this method was recently demonstrated studying the solvothermal synthesis using Sn, Cu, S, and DBN [102] . The two thiostannates (DBNH) 2 Sn 3 S 6 and (DBNH) 2 Cu 6 Sn 2 S 8 coexist under the chosen reaction conditions, and interestingly (DBNH) 2 Sn 3 S 6 is a Cu-free mixed-valent product with Sn(II) and Sn(IV). In order to obtain crystals of (DBNH) 2 Cu 6 Sn 2 S 8 with a sufficient quality for a single-crystal structure determination the reaction time must be extended from 5 d up to 27 d. However, longer reaction times are not always an advantage because binary sulfides may be more stable than the complex thiostannate compounds.
To understand the complex reactions occurring under the solvothermal conditions and to optimize the synthesis conditions leading to crystallization of only one of the two compounds mentioned above, many ex situ experiments and also time-resolved in situ EDXRD investigations were undertaken. First the influence of the reaction temperature onto the product formation was investigated. The results have demonstrated that the induction time, which is the time until the first crystallites are observed, decreases with increasing reaction temperature, i. e., the formation of the compounds is much faster at elevated temperatures. In further studies the influence of Cu on product formation, especially on the crystallization of the mixedvalent compound, was followed in situ. It is quite remarkable that in this case the induction time decreases drastically, and the Cu-free mixed-valent compound is formed after a very short time. In the presence of Cu in the reaction mixture, the nucleation and crystallization of (DBNH) 2 Cu 6 Sn 2 S 8 is preferred, and the growth of (DBNH) 2 Sn 3 S 6 is significantly retarded.
Conclusions
During the last decade a large number of hybrid inorganic-organic thioantimonates and thiostannates have been synthesized under mild solvothermal conditions in the temperature range between 100 and 200 • C. As the synthesis parameters can be greatly varied, it can be expected that many more thiometallates will be reported in the future. The flexible coordination behavior of Sb(III) and the strong condensation tendency of the primary [SbS x ] (x = 3 -5) units allows to generate networks with structural dimensionalities ranging from isolated thioantimonate anions to three-dimensional networks. Interestingly, the tetrahedral [SbS 4 ] 3− anion with Sb(V) exhibits no condensation tendency, and its structural chemistry is less diverse than that of thioantimonates(III). In many thioantimonates(III) the structure-directing effect of the protonated amine molecules or transition metal complexes is obvious. These molecules lead to the formation of large pores in the networks and become located mainly above/below these pores. Another striking feature of the thioantimonate and thiostannate chemistry is the occurrence of extended S··· H hydrogen bonding interactions. In most crystals the structure-directing molecules are oriented with respect to the anionic networks optimizing these interactions.
The coordination preference of transition metals can be used for the synthesis of networks with different topologies and different connection modes of the primary thiometallate units. In most syntheses a sulfur excess is supplied, but the polysulfide species which are present in the reaction solution are seldom found in the structures of the thiometallates. In contrast to the lighter homologous element As, antimony has no pronounced tendency for homologous bond formation, and only one compound with a Sb-Sb bond was reported until now.
In the presence of suitable multidentate amines and transition metal cations thioantimonates and thiostannates can act as ligands forming compounds of different complexity. The structural chemistry of thiostannates is dominated by the [SnS 4 ] 4− /[Sn 2 S 6 ] 4− anions, and in contrast to Sb(III) the Sn(IV)/Sn(II) cations show no tendency to extend the coordination geometry.
Analyzing the synthesis conditions of the relatively large number of thioantimonate and thiostannate compounds no general rules can be formulated which may lead to more rational syntheses. The number of reaction parameters is too large, and there have been only very few systematic studies exploring the influence of temperature, time, starting materials, concentration of amine etc. The results of several in situ X-ray diffraction studies performed under real solvothermal conditions gave some insights into the crystallization kinetics and stability of thiometallates, but many more such studies are needed before general trends or rules can be formulated.
